Nus factors are broadly conserved across bacterial species, and are often essential for viability. A complex of 1 1 five Nus factors (NusB, NusE, NusA, NusG and SuhB) is considered to be a dedicated regulator of ribosomal 1 2 RNA folding, and has been shown to prevent Rho-dependent transcription termination. We have established the 1 3 first cellular function for the Nus factor complex beyond regulation of ribosomal assembly: repression of the 1 4
INTRODUCTION 7 association of the 30S ribosome with the mRNA, repressing translation initiation, uncoupling transcription and 0 9 translation, and thereby promoting Rho-dependent termination. To test this hypothesis, we used the suhB-lacZ 1 0 transcriptional fusion (Fig. 3A) , as well as an equivalent translational fusion (Fig. 3B ). We reasoned that 1 1 mutation of nusB, nusE, or boxA would result in increased expression from both reporter fusions, since these 1 2 mutations would relieve translational repression (reported by the translational fusion), which in turn would 1 3 reduce Rho-dependent termination (reported by the transcriptional fusion). In contrast, we reasoned that 1 4 mutation of rho would result in increased expression only from the transcriptional fusion reporter, since the 1 5
SuhB-LacZ fusion protein (from the translational fusion construct) would still be translationally repressed. We 1 6 measured expression of lacZ from each of these reporter fusions in wild-type cells, and cells with Δ nusB, nusE
The data described above are consistent with a steric occlusion model, but do not rule out other mechanisms of 3 8 translational repression. The steric occlusion model predicts that increasing the distance between the boxA and 3 9
S-D elements would relieve translational repression, and consequently Rho-dependent termination, of suhB. We 4 0
constructed suhB-lacZ transcriptional fusions that carried insertions of sizes from 2 to 100 nt between the BoxA 4 1 and S-D sequences (see Methods for details). We constructed equivalent fusions carrying a boxA mutation 4 2 (C4A; Fig. S2) . Surprisingly, separating the BoxA and S-D sequences with <100 nt intervening RNA did not 4A). Note that differences in absolute expression levels for the different constructs are likely due to variability 4 5 in secondary structure around the ribosome binding site. Additionally, the apparent loss of repression with a 100 4 6 nt insertion is not due to the inadvertent inclusion of promoters within the inserted sequence, since a similar 4 7 construct lacking an active promoter was only weakly expressed ( Fig. S2 ). We conclude that the steric 4 8 occlusion model is insufficient to explain BoxA-mediated translational repression of suhB, although the 4 9
proximity of the BoxA and S-D sequences suggests that simple occlusion would prevent ribosome binding. hence, transcription of this suhB-lacZ fusion by T7 RNAP would not be associated with formation of a 5 7
complete Nus factor complex. We detected robust expression that was dependent upon expression of T7 RNAP 5 8 9 in the same cells. However, we observed no effect on expression of mutating the boxA (Fig. 4B ). We conclude 5 9
that efficient BoxA-dependent repression of suhB requires assembly of a complete Nus factor complex. Phylogenetic analysis of the region upstream of the suhB gene indicates that the boxA sequence is widely 6 3 conserved among members of the family Enterobacteriaciae ( Fig. 2A ; Fig. S2-3 ), suggesting that BoxA-6 4 mediated regulation of suhB occurs in these species. To investigate this possibility, we used ChIP of FLAG- to the site of the putative boxA, we did not detect any association of SuhB ( Fig. 5B and 5D ), strongly suggesting 7 3 that this is not a functional boxA. Consistent with these data, the putative boxA in hisG differs from the 7 4
consensus boxA sequence at a critical position ( Fig. S2 ). Mutations at this position have been shown previously 7 5
to abolish Nus factor association with a BoxA-containing RNA in vivo and in vitro 5, 22 . Moreover, we isolated 7 6 mutations in the suhB boxA at the equivalent position when screening for loss of repression ( Fig. 2B ). 11 target of Nus factors, it would likely retain this regulation in E. coli, since Nus factors are highly conserved 0 9
between C. koseri and E. coli (e.g. the amino acid sequence of NusB is 97% identical and 100% similar 1 0 between the two species). Hence, we constructed a transcriptional fusion of CKO_00699 to lacZ and measured 1 1 expression in E. coli. Note that we included a mutation in CKO_00699 (R82A) to inactivate the predicted toxin 1 2 activity to prevent growth inhibition. The lacZ fusion included a strong, constitutive promoter 23 , and the 1 3 sequence from C. koseri began at the predicted transcription start site, based on manual analysis of likely 1 4
promoter sequences (Fig. 5E ). We measured expression of fusions with wild-type and mutant boxA (C4A) in a substantial increase in expression, whereas mutation of the boxA did not affect expression in the Δ nusB 1 7 strain ( Fig. 5E ). We conclude that CKO_00699 is directly repressed by a BoxA and Nus factors. recognized to be a widespread regulatory mechanism 24,25 . Most regulation of this type occurs by alteration of 2 5
mRNA accessibility around Rho-loading ("rut") sites. In the case of suhB, we presume that translational 2 6
repression by Nus factors prevents occlusion of a gene-internal rut site by translating ribosomes. that context determines the precise function of Nus factors. Hence, it is likely that there are additional sequence 5 1 elements in suhB that promote Rho-dependent termination, or that there are additional sequence elements in the 5 2 artificial reporter constructs that prevent Rho-dependent termination. BoxA-mediated regulation beyond rRNA 5 5
Our data support a widespread regulatory role for Nus factors, implicating them in regulation in both a wide translation occurs by regulation of a variety of genes. Moreover, our data strongly suggest that NusE is 6 0 autoregulated in phylogenetically diverse species. Although we did not identify any genomes where genes 6 1 encoding other Nus factors have putative upstream boxA sequences, we did identify a putative boxA sequence 1 0
Isolation and identification of trans-and cis-acting mutants 1 1
The trans-acting mutant genetic selection was performed using pAMD115 plasmid carrying a suhB-lacZ increased plasmid copy number using qPCR, comparing the Ct values of plasmid and chromosomal amplicons. forming red colonies (upregulated suhB-lacZ) were discarded. Chromosomal mutations were identified either 1 8
by whole-genome sequencing, as described previously 11 , or by PCR amplification and sequencing of nusB, 1 9
nusE and nusG. The cis-acting mutant genetic screen was performed by cloning a mutant suhB DNA library, 2 0 generated by an error-prone DNA polymerase Taq (NEB) with oligonucleotides JW3605 and JW3606, into the 2 1 pAMD-BA-lacZ vector, which was transformed into EPI300 background (lac -; Epicentre). We selected mutants 2 2 that were visibly upregulated on MacConkey agar plates and sequenced the insert to identify mutations. Bacteria were grown at 37 °C in LB medium until OD 600 =0.5-0.6. ChIP-qPCR was performed as described 2 6 previously 31 , using monoclonal mouse anti-RpoB (Neoclone #W0002) and M2 monoclonal anti-FLAG (Sigma) 2 7
antibodies. Occupancy units were calculated as described previously 11 , normalizing to transcriptionally silent 2 8 regions within the bglB or ynbB genes in E. coli, and the sbcC gene in S. Typhimurium. Bacterial cultures were grown at 37 °C in LB medium to an OD 600 of 0.5-0.6. 100 μ L of culture was used for β -Identification of putative boxA sequences in γ -proteobacterial genomes 5 1
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